Hollow PtAg alloy nanospheres were synthesized via galvanic replacement reaction between silver nanoparticles and K 2 PtCl 4 at 60 C. Their morphology, composition and structure were characterized by UV-vis, XRD, TEM, HRTEM, SAED, EDX and XPS. It was found that the shell thickness and roughness could be controlled by varying the amount of Pt precursor solutions. Compared with commercially available Pt black, the PtAg showed higher catalytic activity and higher CO tolerance towards the electro-oxidations of methanol and formic acid, which make them a prominent catalyst for DMFCs and DFAFCs.
Owing to the increasing demands for energy and growing concerns about global warming and air pollution, intensive growth in the research of fuel cells has been stimulated.
1,2 Direct methanol fuel cells (DMFCs) and direct formic acid fuel cells (DFAFCs) have attracted growing attention as energy conversion devices for portable applications. Both methanol and formic acid have low cost, high abundance, low toxicity and can be transported and stored safely when compared with hydrogen as a fuel. 3, 4 In DMFCs and DFAFCs, platinum-based electrocatalysts are used as anode catalysts. However, platinum (Pt) is a rare and precious metal. It is also easily deteriorated by CO ads poisoning effect during the oxidation of methanol and formic acid. 5 Hence, the massive application is constrained by its limited availability and severe deterioration during the oxidation of fuels. Therefore, it is crucial to investigate and explore on the development of the Pt-based electrocatalysts of improved Pt utilization and enhanced electrocatalytic activity and stability in fuel cells.
To achieve this purpose, Pt-based electrocatalysts are signi-cantly investigated including Pt-alloy catalysts, [6] [7] [8] [9] core-shell structured Pt-based catalysts, [10] [11] [12] [13] Pt-monolayer catalysts, 12, 14, 15 Pt-based catalysts with high index, 16 nanoporous Pt-based catalysts 17, 18 and hollow Pt-based nanocatalysts. 19, 20 From these examples, it is found that Pt-based catalysts with high index planes, which are associated with atomic steps, edges and kinks, usually exhibit the enhanced electrocatalytic activity and stability. 16, 21 In the recent years, hollow Pt-based alloy nanostructures with nanoporosity have drawn much more attention due to their large electrochemical active surface area (ECSA) resulting in higher catalytic activity and improved utilization of precious Pt metal.
22,23
Lee et al. 24 reported the synthesis of hollow and nanoporous PtAu alloy nanoparticles by galvanic replacement reaction using silver (Ag) nanoparticles as the templates and a high electrocatalytic activity was exhibited towards the oxidation of formic acid. To further reduce the cost of the catalysts, Ag has also been investigated to be incorporated into Pt metal, instead of gold (Au), due to its lower cost. 25 Hollow PtAg nanostructures with controlled number of voids including nanoboxes, dimers, multimers and popcorn-shaped nanostructures were synthesized by galvanic replacement reaction with the existence of hydrochloric acid (HCl). These hollow PtAg nanostructures exhibited large surface area and high catalytic activity towards the oxidation of methanol. 26 Xu et al. 27 successfully prepared metallic PtAg alloy nanoparticles supported on carbon powder by co-reduction method. The as-prepared PtAg alloy catalysts showed better catalytic activity than commercial carbonsupported Pt towards the oxidation of formic acid.
In this study, hollow PtAg alloy nanospheres were synthesized by galvanic replacement reaction between Ag nanoparticles and K 2 PtCl 4 at 60 C. The morphology, crystal structure and surface composition of the synthesized hollow PtAg nanospheres were characterized by various techniques including TEM, EDX, SAED, XRD and XPS analysis. Besides, the electrocatalytic activity and stability of the catalysts were examined and compared with Pt black towards the oxidations of methanol and formic acid. UV-visible spectrometry is a commonly used technique to study the Ag-related chemistry, due to the surface plasmon resonance (SPR) effect, a characteristic absorption peak of Ag nanoparticles can be easily obtained.
28 Fig. 1 shows the spectra of a series of pure Ag nanoparticles and PtAg nanospheres prepared by the addition of different volumes of 25 mM K 2 PtCl 4 solution ( Table 1 ). The pure Ag nanoparticles show a characteristic SPR peak at 395 nm and as the amount of the Pt precursor increases, the intensity of the Ag absorption peak decreases suggesting a gradual increase of the deposition of Pt atoms on the surface of Ag nanoparticles. 29 When the amount of K 2 PtCl 4 solution was increased to 550 mL, a at line is achieved indicating the disappearance of the silver core. The gradual decrease of the Ag-related absorbance peak may imply the formation of a hollow structure.
The morphology of Ag templates was characterized by TEM analysis as shown in Fig. 2 . The Ag templates were in spherical morphology with a diameter ranging from 20 to 50 nm. To analyze crystal structure, SAED analysis was performed with the result displayed in Fig. 2 From the UV-vis analysis, it is proposed that the amount of Pt atoms deposited on the surface of the Ag nanoparticles increases with an increase in the volume of K 2 PtCl 4 solution added to the Ag colloidal solution. TEM analysis (Fig. 3) was carried out to further conrm this proposal. Hollow PtAg nanospheres were successfully synthesized due to galvanic replacement reaction. With an increase in the amount of K 2 PtCl 4 solution, more hollow nanostructures were observed. The galvanic replacement reaction between Ag and K 2 PtCl 4 is as follow,
The active Ag atoms rst react with Pt(II) ions to yield Pt atoms which deposited on to the surface of the Ag templates forming pinholes. As the reaction proceeded, hollow nanostructures were formed due to dissolution of Ag from the pinholes and continuous deposition of Pt atoms onto the surface.
Elemental analysis of all hollow PtAg nanospheres showed similar EDX spectrum (Fig. 3(e) ). It displays the signal for chlorine apart from silver and platinum. It is proposed that the remaining solid cores at low amount of K 2 PtCl 4 are the unreacted Ag and silver chloride (AgCl). 30 During the galvanic replacement reaction, AgCl was the major by-product which contaminated the hollow PtAg nanospheres. 26 Although AgCl would dissolve at relatively high temperature, 31 chlorine is still detected. In order to remove AgCl and unreacted Ag, hollow PtAg nanospheres were washed with 35% NH 4 OH solution and 5 M HNO 3 solution respectively.
Washed hollow PtAg nanospheres were characterized by TEM analysis. As shown in Fig. 4 , the roughness of the shell surface increases with an increase in the amount of K 2 PtCl 4 solution. The shell surface exhibits as a single smooth layer when lower amount of K 2 PtCl 4 solution is added while the shell surface becomes rougher with the development of aggregated nanoparticles on the shell surface when higher amount of K 2 PtCl 4 solution is added. As discussed, Pt atoms were formed on the surface of Ag nanoparticles and the adsorbed AgCl. During galvanic replacement reaction, Ag atoms migrate from the core and diffuse through the attached AgCl to the surface of Ag nanoparticles to react with K 2 PtCl 4 to form alloy or AgCl. Higher roughness of the nanostructures would be formed due to formation of more AgCl with higher amount of K 2 PtCl 4 solution was added. 26 The relationship between the thickness of hollow PtAg nanospheres and the different amount of K 2 PtCl 4 solution is clearly shown in Table 2 . With an increase in the amount of K 2 PtCl 4 from 150 mL to 550 mL, the thickness increases from 2.3 nm to 7.5 nm. EDX analysis (Table 2 ) on washed hollow PtAg nanospheres suggests a decreasing trend of the atomic Pt-to-Ag ratio with an increase of the amount of K 2 PtCl 4 solution. With the addition of K 2 PtCl 4 solution, more AgCl were formed and adsorbed on the surface of Ag nanoparticle. Since AgCl acts as a secondary template for the galvanic replacement reaction with K 2 PtCl 4 to form alloy, hollow PtAg nanospheres with higher content of Ag would be resulted.
26
All washed hollow PtAg nanospheres demonstrated similar XRD pattern (Fig. 5) . Several diffraction peaks located at 39.1 , 45.7 , 67.1 and 80.1 are assigned to be (111), (200), (220) and (311) crystal planes of fcc structure respectively. 32 As summarized in Table 3 , the diffraction peaks of PtAg are located in between standard diffraction peaks of Ag and Pt and no characteristic Ag or Pt diffraction peaks are found, implying the formation of PtAg alloy in the galvanic replacement reaction.
33
HR-TEM analysis on washed hollow PtAg nanospheres (Fig. 4(e) ) shows several diffraction fringes with d-spacing of 2.29Å, 2.30Å, 2.31Å which correspond to (111) crystal plane of fcc structure. 34 It is found that the d-spacing of diffraction fringes in PtAg are located in between the d-spacing of crystal plane of Pt (2.26Å) and Ag (2.35Å). 35 This result further conrms that the formation of PtAg alloy due to the galvanic displacement reaction. SAED analysis (Fig. 4(f) ) shows the diffraction rings of (111), (200), (220) and (311) crystal planes which is consistent to the results obtained from XRD analysis. XPS analysis, as illustrated in Fig. 6 , was conducted to further investigate the surface composition of washed hollow PtAg nanospheres and the interaction between Pt and Ag. The peak of Pt 4f and Ag 3d shi to higher and lower binding energy respectively as compared with pure Pt and Ag metal. It suggests that the electron transfer from Pt to Ag related to electronic interaction between Ag and Pt and further conrms the formation of PtAg alloy.
27,36,37
The electrocatalytic activity of the PtAg alloy was characterized by CV as shown in Fig. 7(a) . The CVs of PtAg alloy and commercially available Pt black exhibit hydrogen adsorption and desorption peak in the potential range from 0.24 V to 0.05 V. The Pt black demonstrates two resolved peaks in hydrogen adsorption and desorption region respectively. This was associated with weakly and strongly bonded hydrogen species on different crystal planes of Pt. 35, 38 The peaks with more negative potential and those with more positive potential correspond to (111) plane and (100) plane respectively. 39, 40 However, no resolved peaks are observed in the CV of PtAg alloy which could be attributed to the incorporation of Ag into the Pt lattice, decreasing the crystallinity of the surface. For PtAg alloy, an anodic peak is observed at 0.8 V to 1.0 V due to the formation of the oxide species of Ag and Pt. 27 In contrast, only an anodic peak for oxidation of Pt is observed in Pt black at around 0.6 V. Both catalysts exhibit the reduction of Pt oxides at around 0.4 V to 0.5 V in cathodic scan.
The ECSA of the catalysts can be calculated by the following equation, 41, 42 
where Q H is the charge transfer for hydrogen adsorption, m is the amount of metal loading, and q H is the charge for monolayer hydrogen adsorption on Pt surface.
The
On the other hand, the larger ECSA of the hydrogen adsorption and desorption peaks of PtAg alloy indicates better utilization of Pt metal for hollow nanostructure catalysts. The electrocatalytic activities of PtAg alloy Pt black towards methanol and formic acid oxidations were investigated. For the electro-oxidation of methanol as displayed in Fig. 7(b) , anodic peaks at 0.7 V to 0.8 V in forward scan and at 0.5 V to 0.6 V in the backward scan are observed. It was found that the specic activity towards methanol oxidation at 0.6 V decreases with a decrease in the atomic Pt-to-Ag ratio (see ESI section Fig. S1 †) . The increasing Ag content in the hollow PtAg nanospheres and increasing shell thickness may decrease the accessibility of methanol to PtAg surface.
25 Fig. 7(f) clearly summarizes that the PtAg alloy shows 1.8 times higher specic mass activity than Pt black at 0.5 V.
For the electro-oxidation of formic acid as shown in Fig. 7(c) , the onset potential of PtAg alloy is 40 mV negatively shied when compared with Pt black, suggesting easier oxidation of formic acid. A broad peak observed in forward scan of PtAg alloy and a shoulder peak at 0.2 V to 0.4 V in Pt black indicate the dehydrogenation of formic acid, however, an exceptional peak at 0.62 V in Pt black attributes to the indirect oxidation of formic acid. It is well-known that the formic acid oxidation catalysed by Pt can go through direct and indirect oxidation pathways which result in distinct oxidation peak in the forward scan at 0.3 V and 0.6 V respectively. 12 The specic activity towards the formic acid oxidation decreases with an increase in the amount of K 2 PtCl 4 from 150 mL to 250 mL. The specic activity towards the formic acid oxidation increase when the amount of K 2 PtCl 4 increases from 250 mL to 550 mL (see ESI section Fig. S2 †) . It is proposed that the smooth and porous shell and high atomic Pt-to-Ag ratio of PtAg-1 increase the accessibility of formic acid to PtAg surface, leading the highest specic activity in both direct and indirect oxidation of formic acid. PtAg-2 exhibits the lowest specic activity towards direct and indirect oxidation of formic acid due to the aggregation of nanoparticles on the shell surface which decreases the accessible surface area. Aerwards, the increase of specic activity towards direct and indirect oxidation of formic acid of PtAg-3 and PtAg-4 are observed due to the formation of more nanoparticles on the shell surface which expose more active surface area. Also, it is proposed that the existence of Ag may eliminate the formation of intermediate which would enhance the specic activity towards the formic acid oxidation. 43, 44 At 0.3 V, PtAg alloy shows 5 times higher specic mass activity than Pt black, as displayed in Fig. 7(f) , which suggests that less poisoning CO-like intermediate is formed and adsorbed on the surface of PtAg alloy. It is proposed that the incorporation of Ag increases the 5d-orbitals vacancy of Pt, reducing back-donation of 5d electrons to CO, and thus weakening the interaction between Pt and CO ads and enhancing the electrocatalytic capability.
36,45-47
To study the electrocatalytic stability of the PtAg alloy and Pt black towards the oxidations of methanol and formic acid, chronoamperometric tests were conducted for 1600 s under room temperature and the results are shown in Fig. 7(d and e) . Both specic mass activities in the chronoamperometric tests decrease aer 1600 s. At a xed potential, intermediate species are formed due to the continuous oxidation of the fuels. 48 The accumulation and adsorption of intermediate species on the surface of electro-catalysts block the active sites and refrain from the oxidation of fuels. 49 It is found that the stability of PtAg alloy is higher than that of Pt black. The specic mass activities of PtAg alloy remains 81.4% and 87.2% while those of Pt black remains 44.8% and 61.1% towards the oxidations of methanol and formic acid respectively. These results relate to the better CO tolerance of PtAg alloy due to the electronic effect caused by the incorporation of Ag.
Conclusions
In summary, hollow PtAg alloy nanospheres were successfully synthesized by galvanic replacement reaction between Ag nanoparticles and K 2 PtCl 4 at 60 C. The shell thickness and the atomic ratio of Pt/Ag of the hollow nanospheres could be controlled by varying the volumes of Pt precursor solution. The as-synthesized hollow PtAg alloy nanospheres showed higher electrocatalytic activity and stability towards methanol and formic acid oxidations than commercially available Pt black and will be promising electro-catalysts for DMFCs and DFAFCs.
